Introduction {#s0001}
============

Prostate cancer (PCa) is a global health problem in men; it is the second most diagnosed cancer in developed countries and the fifth most common cause for cancer-related death.[@cit0001] Metastatic castrate-resistant PCa (mCRPC) remains an incurable disease and a significant public health burden.[@cit0002] This emphasizes the need for additional PCa therapies, including drugs that block proven targets but remain unchallenged by known resistance mechanisms.[@cit0002] Mitosis plays a key role in cancer progression, as cancer cells have an uncontrolled mitosis and high proliferation rate.[@cit0003] Cell division is a highly regulated process and has emerged over the past decades as one of the most efficient targets of cancer chemotherapy.[@cit0004] Some inhibitors of key regulators of cell division are currently being assessed in clinical trial. For example, the Polo-like kinase 1 inhibitor Volasertib has shown promising clinical efficacy in a variety of malignancies including acute myeloid leukemia.[@cit0005] The Aurora kinase A inhibitor MNL8237 is currently in phase II clinical trial in patients with mCRPC.[@cit0006] Yet, inhibiting mitosis using microtubule-targeting drugs is currently the most effective and widely used chemotherapeutic strategy.[@cit0007] Microtubule (MT) drugs inhibit MT dynamics at low nanomolar concentrations, which causes defective mitotic spindle organization, leading to a cell cycle arrest in mitosis and cell death. According to their effect at micromolar doses on MT polymerization, MT inhibitors are divided into 2 classes: MT-stabilizing agents (e.g., taxanes, epothilones, laulimalide, and peloruside A) and MT-destabilizing agents (e.g., *vinca* alkaloids, nocodazole, colchicine, and maytansine).[@cit0007] Docetaxel and cabazitaxel (semi-synthetic analogs of the natural product paclitaxel) are the gold standard to treat mCRPC,[@cit0002] while vinorelbine (semi-synthetic analog of the natural product vinblastine) is the treatment used for a variety of cancers, including breast cancer and small cell lung cancer.[@cit0008] However, severe toxicities (such as toxicity on the peripheral nervous system[@cit0010]) and development of resistance in patients to current treatments, highlight the need for new therapeutic agents and new mitotic targets.

Here, we present the mechanism of action study of thalicthuberine (TH), a natural product isolated from the Australian endemic tree *Hernandia albiflora* (Hernandiaceae). TH is a phenanthrene alkaloid with a 1-(2-aminoethyl) side chain, and was previously isolated from a wide range of plants, including *Thalictrum thunbergii*,[@cit0011] *Thalictrum simplex*,[@cit0012] *Thalictrum rugosum*,[@cit0013] *Thalictrum delavayi*,[@cit0014] *Platycapnos spicata*,[@cit0015] and *Platycapnos* sp.[@cit0016] TH was shown to have antimicrobial activity, especially toward *Mycobacterium smegmatis* and *Candida albicans.*[@cit0013] Here, we provide evidence that this compound arrests malignant human cell lines in mitosis and induces cell death with a mechanism of action that is distinct from classic MT inhibitors. This is the first time that such an activity has been described for TH.

Results {#s0002}
=======

TH is cytotoxic in various malignant and non-malignant human cell lines {#s0002-0001}
-----------------------------------------------------------------------

The cytotoxicity of TH ([Fig. 1A](#f0001){ref-type="fig"}) was evaluated against a panel of human prostate cell lines ([Table 1](#t0001){ref-type="table"}), including the prostate cancer cell lines LNCaP, C4--2B, DuCaP, and PC-3, and the non-malignant prostate cell lines BPH-1 and WPMY-1 as well as HeLa cervical cancer cells by using a cell viability assay based on metabolic activity. TH inhibited cell viability in different malignant cell lines with similar IC~50~ values ranging from 0.7 µM in PC-3 cells to 2.5 µM in HeLa cells ([Table 1](#t0001){ref-type="table"}). TH exhibited a similar cytotoxic potency in 2 non-malignant but highly proliferative prostate cell lines, BPH-1 (IC~50~ = 2.0 µM) and WPMY-1 (IC~50~ = 2.7 µM), suggesting that TH inhibits a process that is critical in proliferating cells. We used the known MT-targeting agent vinblastine[@cit0017] as positive control, which was equally cytotoxic in proliferating malignant and non-malignant cell lines[@cit0020] ([Table 1](#t0001){ref-type="table"}). The inhibitory effect of TH on cell growth was confirmed by real-time monitoring of cell confluence by time-lapse phase contrast microscopy (IncuCyte), which showed that TH induced a concentration- and time-dependent inhibition of cell proliferation in LNCaP cells ([Fig. 1B](#f0001){ref-type="fig"}). Assessment of the image sequence for morphological changes revealed that TH caused a loss of cell-cell contacts, rounded cell bodies, membrane blebbing, which ultimately led to cell disintegration and are typical signs of cell death through apoptosis ([Fig. 1B](#f0001){ref-type="fig"}).[@cit0021] TH-induced apoptosis was confirmed by live cell analysis of caspase-3/7 enzyme activity by quantitative fluorescence microscopy in LNCaP cells ([Fig. 1C](#f0001){ref-type="fig"}). Like vinblastine,[@cit0023] TH significantly increased the number of caspase-3/7 activity-positive LNCaP cells in a concentration-dependent manner after 48 h of treatment ([Fig. 1C](#f0001){ref-type="fig"}). Furthermore, like vinblastine and the positive control cytochalasin D (actin inhibitor), TH significantly inhibited the migration of PC-3 cells, as shown by scratch wound assay after 16 h of treatment ([Fig. 1D](#f0001){ref-type="fig"}). Taken together, TH reduces cell viability, proliferation and migration, ultimately leading to cell death through apoptosis. Figure 1.TH inhibits proliferation, migration, and induces apoptosis in PCa cells. (A) Chemical structure of thalicthuberine (TH). (B) Analysis of real-time proliferation, as a function of cell confluence (IncuCyte) of TH treated LNCaP cells. DMSO (vehicle) and vinblastine (Vinb) were used as controls (n = 3, mean ± SD, a representative experiment of 3 independent repeats is shown). Phase contrast images for DMSO, TH (2.5 µM), and Vinb (25 nM) treatments are shown for the indicated time points (top right panel), showing visibly less cells and signs of apoptotic cell death (membrane blebbing, rounded cell bodies) in TH and vinblastine treated cells. Scale bar = 100 µm. (C) Live assessment by microscopy and quantitative image analysis of Caspase-3/7 activity in TH- and vinblastine-treated LNCaP cells after 48 h of treatment. Both TH and vinblastine induced apoptosis in a concentration-dependent manner (left panels, n = 3, mean ± SD). Representative images of LNCaP cells. Right panel, merged image: DNA (blue), Caspase 3/7: CellEvent Caspase-3/7 substrate (pink), scale bar = 20 µm. (D) Evaluation of cell migration of TH-treated PC-3 cells. Wound closure was measured by live-cell imaging (IncuCyte) after 16 h of treatment with vehicle control (DMSO), TH, vinblastine (Vinb) or the positive control cytochalasin D (Cytoch) (left panel, n = 2, mean ± SD). Representative wounds after treatment with DMSO, TH and cytochalasin D are shown (right panel). Table 1.Measurement of cytotoxic activity of TH against a panel of human malignant and non-malignant cell lines of the prostate and cervix. IC~50~ ± SD Malignant cell linesNon-malignant ProstateCervixProstateCompoundsLNCaPC4--2BDuCaPPC-3HeLaBPH-1WPMY-1TH (µM)2.0 ± 0.61.0 ± 0.21.3 ± 0.10.7 ± 0.12.5 ± 0.52.0 ± 0.72.7 ± 0.1Vinb (nM)3.2 ± 0.12.4 ± 0.23.7 ± 0.72.5 ± 0.411.6 ± 4.23.8 ± 0.64.2 ± 0.6[^2]

Gene expression profiling of TH-treated LNCaP cells highlights mitotic pathways {#s0002-0002}
-------------------------------------------------------------------------------

To guide the identification of the molecular target of TH, we performed DNA microarray analysis of LNCaP cells treated for 24 h with a 1 × IC~50~ dose of TH (batch A) or vehicle (DMSO) and vinblastine (1 × IC~50~ dose) as controls. Ingenuity Pathway Analysis (IPA) revealed that equipotent concentrations of both TH and vinblastine caused transcriptional changes relative to vehicle control that relate to the cell functions "microtubule dynamics," "M (mitosis) phase," and "alignment of chromosomes." GOrilla (Gene Ontology enRIchment anaLysis and visuaLizAtion tool) analysis revealed that the genes differentially affected by TH and vinblastine are linked to processes like "mitotic cell cycle progress," "establishment of chromosome localization" or "microtubule-based process" ([Fig. 2A](#f0002){ref-type="fig"} and Fig. S1). Moreover, a direct comparison between TH and vinblastine revealed that most of differentially expressed genes show the same directionality of up- and downregulation, as summarized by the heatmap of the fold changes ([Fig. 2B](#f0002){ref-type="fig"}). The TH-mediated differential expression of critical cell cycle genes (e.g., CDC20, AURKA, CCNB1, and HMMR) was identified by microarray (Table S1). We also observed a downregulation of the expression of α-tubulin (TUBA3C, TUBA3D, and TUBA3E), suggesting that TH affects tubulin expression and might alter MT function.[@cit0024] The upregulation of CCNB1 and HMMR mRNA expression was confirmed by qRT-PCR, so was that of the mitotic regulators CDC25B and PLK1, ([Fig. 2C](#f0002){ref-type="fig"}). Figure 2.Treatment of LNCaP cells with TH leads to deregulation of mitotic processes. (A) GeneOntology analysis of DNA microarray data (GOrilla) revealed "microtubule-based process," "cell cycle process," and "mitotic cell cycle process" as top enriched molecular pathways within the set of differentially expressed genes after 24 h of TH treatment (1 × IC~50~) in LNCaP cells. (B) Heatmap depicting the fold changes of genes differentially expressed (*P* value ≤ 0.1, fold-change of ≥ 1.4) in LNCaP cells after 24 h treatment with TH (1 × IC~50~) or vinblastine (Vinb, 1 × IC~50~). Red indicates upregulation. The darker the shade of color, the higher the fold-change of expression. (C) Validation of differential expression of critical cell cycle genes by qRT-PCR (n = 3, mean ± SD) in LNCaP cells treated for 24 h with TH (1 × IC~50~) or vinblastine (Vinb, 1 × IC~50~), confirming their upregulation.

TH causes a reversible arrest in mitosis leading to asymmetric divisions and cell death {#s0002-0003}
---------------------------------------------------------------------------------------

Planar compounds with similar structure as TH have been shown to interact with DNA via intercalation, leading to DNA damage.[@cit0025] To determine whether TH interacts directly with DNA, we measured the DNA melting temperature and displacement of a fluorescent DNA intercalator in a titration experiment with TH (Fig. S2A). Yet, TH did not change the DNA melting temperature, suggesting that TH does not intercalate or interact with DNA. Furthermore, quantitative analysis of the DNA double-strand break (DSB) marker γH2AX[@cit0026] in LNCaP cells revealed that TH did not increase the number of DSBs after 24 h (and 48 h, data not shown) of treatment when compared with control (Fig. S2B). Together, these results indicate that TH does not interact with DNA or causes DNA damage via DSBs.

The observed similarities between TH and the mitotic inhibitor vinblastine prompted us to investigate cell cycle progression. Cell cycle analysis by flow cytometry of LNCaP cells revealed that TH led to a significant concentration-dependent increase in the population of cells in the G~2~-M phase, as well as cell death (sub G~0~-G~1~ phase, [Fig. 3A](#f0003){ref-type="fig"}) after treatment of 24 h. Figure 3.TH causes accumulation of cells in mitosis. (A) Cell cycle was analyzed by flow cytometry. TH arrests LNCaP cells in the G~2~-M phase in a concentration-dependent manner after 24 h (upper left panel). DMSO and vinblastine were used as controls (left panel, n = 4, mean ± SD, statistical data in Table S2). Representative histograms for DMSO and TH are shown (lower panel). TH treatment of LNCaP cells (24 h) leads to cell death (upper right panel, sub G~0~-G~1~ cell population, n = 3, mean ± SD). (B) Quantitative immunofluorescence microscopy of PHH3 expression (mitosis marker) revealed that TH and vinblastine caused a concentration-dependent increase of PHH3-positive LNCaP cells after 24 h (n = 3, mean ± SD). (C) Immunofluorescence microscopy coupled with automated image analysis (CellProfiler) was used to quantify PHH3-positive (mitotic) LNCaP cells (∼3,000 cells/treatment) after the indicated treatment conditions (n = 2, mean ± SD). TH (1.25--10 µM) and vinblastine (10 and 20 nM) induced a significant increase in PHH3-positive cells when treated for after 8 h (blue bars). Longer treatment (24 h, orange bars) further increased the proportion of PHH3-positive cells. Removal of TH (1.25 and 2.5 µM) and vinblastine (10 and 20 nM) after 8 h of treatment followed by 16 h of recovery decreased the number of PHH3-positive cells to levels seen in vehicle control (DMSO). Two-ways ANOVA with Sidak\'s multiple comparisons test was used (ns = non-significant, \*\*\* *P* \< 0.001, \*\*\*\* *P* \< 0.0001; blue label = statistical comparison to DMSO 8 h). (D) LNCaP cells were subjected to the same treatment modalities as described in C, and cell viability was measured after 72 h (alamarBlue, n = 2, mean ± SD). Intermittent treatment with TH (24 h) did not significantly reduced cell viability compared with continuous treatment (72 h). Two-ways ANOVA with Sidak\'s multiple comparisons test was used (ns = non-significant, \*\* P \< 0.01, \*\*\* P \< 0.001).

To distinguish whether TH caused a cell cycle arrest in G~2~ or mitosis, we measured the number of LNCaP cells expressing the mitosis marker phospho-Ser10 histone 3 protein (PHH3)[@cit0027] by quantitative fluorescence microscopy. In a similar fashion as the mitotic inhibitor vinblastine, TH induced a concentration-dependent increase in the number of PHH3-positive LNCaP cells after 24 h of treatment ([Fig. 3B](#f0003){ref-type="fig"}), which was detectable as early as 8 h ([Fig. 3C](#f0003){ref-type="fig"}). Inspection of the images revealed that TH-treated LNCaP cells displayed morphological hallmarks typical of mitotic cells (cell rounding and condensation of chromatin, [Fig. 1B](#f0001){ref-type="fig"} and Fig. S3). Notably, like vinblastine,[@cit0028] the TH -mediated mitotic block was reversible when cells were temporarily treated for 8 h, washed with fresh media, and left to recover for 16 h (wash-out experiments, [Fig. 3C](#f0003){ref-type="fig"}). However, unlike vinblastine, cells treated for a longer period with TH (24 h) before inhibitor removal (recovery for 48 h in fresh media), cell viability was as negatively impacted as when cells were treated continuously for 72 h ([Fig. 3D](#f0003){ref-type="fig"}), suggesting that TH\'s effect on LNCaP cell after 24 h of exposure became irreversible.

To better characterize TH-mediated mitotic arrest, we studied the time cells required for completion of mitosis and fate of mitosis-arrested cells using time-lapse microscopy of HeLa cells expressing H2B-GFP ([Fig. 4A](#f0004){ref-type="fig"}). DMSO-treated HeLa cells normally progressed through mitosis with a mean time of 67.4 ± 32.4 min, followed by cytokinesis (87.1% bipolar division leading to 2 daughter cells, [Fig. 4A](#f0004){ref-type="fig"}). HeLa cells treated with TH exhibited a significantly prolonged time in mitosis from 475.4 ± 253.8 min (1.25 µM) to 657.1 ± 203.1 min (5 µM) in a concentration-dependent manner and similar to vinblastine (10 nM: 398.8 ± 270.3 min, 20 nM: 559.8 ± 210.7 min). As shown in Videos S2, S3 and [Fig. 4A](#f0004){ref-type="fig"}, TH-treated cells failed to properly congress and align their chromosomes at the metaphase plate (monopolar and multipolar phenotypes), resulting in a concentration-dependent increase in asymmetric divisions (mostly 3 or 4 daughter cells) or apoptosis.[@cit0029] HeLa cells that underwent anaphases with completed karyokinesis and cytokinesis (into 3 or more daughter cells) frequently fused into single multinuclear cells ([Fig. 4A](#f0004){ref-type="fig"}, Videos S1--S3).[@cit0030] A similar phenomenon was observed when HeLa cells were treated with vinblastine (Video S1, [Fig. 4A](#f0004){ref-type="fig"}). Figure 4.TH induced mitotic arrest is leading to asymmetric cell division and cell death. (A) Quantitative analysis of images acquired by time-lapse microscopy (Olympus IX81, 10 × , 1 image/5 min for 24 h) showed that TH and vinblastine significantly increased the time HeLa-H2B-GFP cells spent in mitosis (left panel). The cell fate (bipolar division, asymmetric division or apoptosis) was quantitatively assessed after 24 h of treatment (right panel, n = 2, mean ± SD). Representative images of cells treated with TH (2.5 µM) and DMSO. Black arrows indicate cells displaying signs of asymmetric division and fusion. Red arrows point at cells dying. Scale bar = 20 µm. (B) Tracking of cell fate of cells that underwent asymmetric division. Representative image of HeLa-H2B-GFP cells treated with TH (2.5 µM) and tracked for 106 h using real-time live-cell imaging (IncuCyte 10 × , 1 image/2 h for 144 h). White arrows indicate cells going through asymmetric division, fusion and dying in mitosis. Red arrows mark cells that die in an interphase-like state after 2 consecutive rounds of asymmetric division separated by a cell fusion event. Yellow arrows indicate cells going through asymmetric division, fusion and dying in an interphase-like state. Scale bar = 50 µm. For more details, see Videos 1--3.

Furthermore, the cell fate of asymmetrically divided HeLa-H2B-GFP after TH treatment was analyzed by time-lapse microscopy. As depicted in [Fig. 4B](#f0004){ref-type="fig"}, some first generation daughter cells derived from asymmetric divisions died in an interphase-like state without entering another round of division, whereas other daughter cells died during the next cell cycle round, or went through another round of asymmetric division, after which second generation offspring failed to divide further and died in an interphase-like state.

The mitotic spindle organization is perturbed by TH {#s0002-0004}
---------------------------------------------------

The above observations that TH causes transcriptional changes to pathways involved in chromosome segregation, mitotic delay and asymmetric cell division prompted us to investigate if TH affects mitotic spindle organization, which is known to cause similar effects when disturbed.[@cit0031] We used immunofluorescence microscopy of PHH3 and α-tubulin expression in LNCaP cells treated for 24 h with 1.25--5 µM of TH to score phenotypic differences and measure the distance between spindle poles in bipolar cells. TH induced a complete loss of cells with normal bipolar spindle organization and metaphase plate alignment of chromosomes \[the dominant phenotype of vehicle-treated control cells (DMSO)\] and increased levels of MT spindle abnormalities like bipolar spindles with misaligned chromosomes, monopolar and multipolar spindles ([Figs. 5A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"}). Notably, TH-treated LNCaP cells featuring the multipolar spindle phenotype increased in a dose-dependent manner with a concomittant reduction in bipolar spindles with misaligned chromosomes and monopolar spindles ([Fig. 5B](#f0005){ref-type="fig"}). Vinblastine generated similar types and frequencies of MT spindle abnormalities as TH ([Figs. 5A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"}). In addition, TH induced a dose-dependent reduction of the distance between spindle poles in cells with bipolar spindles ([Fig. 5B](#f0005){ref-type="fig"}). Together, these results demonstrate that TH disrupts the normal organization of mitotic spindles. Figure 5.TH disrupts the mitotic spindle organization. (A) TH and vinblastine-treated LNCaP cells (24h) were subjected to immunofluorescence microscopy of α-tubulin (green) and PHH3 (red) with an INCell 2200 automated microscope (20 ×). Representative images (top panel) of abnormal metaphase aligments of chromosomes (PHH3 staining, red) and spindle pole organization (α-tubulin staining, green) are shown (scale bar = 10 µm). (B) Quantification by scoring phenotypic differences (bottom left panel, ∼400 cells/treatment) and measuring the distance between spindle poles (bottom right panel, ∼120 cells/treatment, yellow line) in bipolar cells are based on α-tubulin and PHH3 staining (n = 3, mean ± SD).

TH reduces cellular tubulin polymer mass {#s0002-0005}
----------------------------------------

Mitotic arrest and abnormal mitotic spindle organization are typical phenotypes induced by MT-targeting agents like vinblastine and paclitaxel.[@cit0031] To determine if TH directly interacts with tubulin and affects tubulin polymersization, we performed a MT assembly assay with purified components in a cell-free system.[@cit0032] As expected, vinblastine inhibited tubulin polymerization whereas the MT-stabilizing molecule paclitaxel increased polymerization. At all doses tested (25 µM--200 µM), TH did not have an effect on tubulin polymerization ([Fig. 6A](#f0006){ref-type="fig"}). To test the possibility that TH might indirectly interfere with MT polymerization, we measured cellular tubulin polymer mass by quantitative immunofluorescent microscopy of cellular α-tubulin staining.[@cit0023] When used at high doses (7--30 × IC~50~), paclitaxel stimulates MT polymerization and vinblastine induces depolymerization of MT.[@cit0007] Similarly to vinblastine, TH visibly disrupted the cellular MT network in LNCaP cells, leading to reduced cellular tubulin polymer mass in a dose-dependent manner ([Fig. 6B](#f0006){ref-type="fig"}). Figure 6.TH treatment leads to reduced cellular tubulin polymer mass and shortened MT tracks. (A) TH did not affect tubulin polymerization in a cell-free system, while vinblastine (Vinb) inhibited and paclitaxel (Paclit) stimulated polymerization. A representative experiment (n = 3) is shown. (B) High-dose treatment of LNCaP cells (24 h) with TH or vinblastine reduced cellular tubulin polymer mass, while paclitaxel increased tubulin polymer mass (top right panel), as shown by quantitative immunofluorescence microscopy of the mean intensity fold-change of α-tubulin relative to DMSO control (n = 3, mean ± SD). Representative images are shown (lower panel), illustrating disrupted cytoplasmic MT networks. Scale bar = 10 µm. (C) HeLa-EB1-GFP cells treated with TH or vinblastine (2 h) were imaged by spinning disk microscopy. EB1 comets were tracked and analyzed, and mean fold-change of displacement length of EB1 tracks was calculated relative to DMSO control. Like vinblastine, TH inhibited the growth of MTs in HeLa cells, as shown by reduced EB1 tracks in maximum intensity projections of EB1 comets (scale bar = 10 µm). For more details, see Videos 4−6.

MT are highly dynamic protein structures that grow and shrink very rapidly. The rate of polymerization (growth) and of depolymerization (shortening) of polymers is used to describe MT dynamics. Because they interact with MT and cause their depolymerization, MT destabilizing agents like vinblastine are known inhibitors of MT dynamics.[@cit0017] To test if TH as an effect on MT dynamics, we treated HeLa cells expressing the end-binding protein (EB1-GFP) with TH and tracked EB1 comets using real-time spinning disk microscopy. EB1 is a protein that binds to the plus end of the growing MT but dissociates during the depolymerization phase.[@cit0034] Hence, EB1 is a useful tool to track polymerizing MTs and measure changes to MT dynamics.[@cit0035] TH visibly disrupted directional MT growth, as exemplified by maximum intensity projections of the EB1 comet time-lapse sequences ([Fig. 6C](#f0006){ref-type="fig"} and Video S4). Quantitative analysis of the time-lapse videos showed that TH significantly reduced the displacement length of the EB1 tracks in a concentration-dependent manner when compared with vehicle control ([Fig. 6C](#f0006){ref-type="fig"}).

Taken together, the above results suggest that, in our experimental conditions, TH disrupted MT dynamics and induced destabilization of the cellular MT network in cells via a mechanism that does not involve direct interaction of TH with tubulin and might involve tubulin associated factors.

Mitotic arrest mediated by TH is phenotypically different to inhibitors of Aurora A kinase and Polo-like kinase-1 {#s0002-0006}
-----------------------------------------------------------------------------------------------------------------

Aurora kinase A (Aurora A) and Polo-like kinase 1 (Plk1) are critical regulators of mitosis, and their inhibition has been shown to cause defective spindle organization.[@cit0036] Immunofluorescence microscopy revealed that the Aurora A inhibitor MNL8237 alone or in combination with TH strongly suppressed the distinct Aurora A staining at the spindle poles which was visible in LNCaP cells treated with vehicle, vinblastine or TH ([Fig. 7A](#f0007){ref-type="fig"}). Furthermore, quantitative analysis of PHH3 staining revealed that LNCaP cells treated with MNL8237 or the combination of TH and MNL8237 yielded less PHH3-positive cells and round cells with condensed DNA than single agent treatment with TH ([Fig. 7B](#f0007){ref-type="fig"}). Serine 10 of Histone H3 is a specific target site of Aurora B for phosphorylation,[@cit0038] and MNL8237 has been shown to inhibit Aurora B activity,[@cit0039] providing a likely explanation for the loss of PHH3 staining in cells treated with MNL8237. Figure 7.The mitotic inhibitors MNL8237 (Aurora kinase A inhibitor) and TH generate different phenotypes. (A) LNCaP cells treated with TH and the Aurora kinase A inhibitor MNL8237 for 24 h were subjected to immunofluorescence microscopy of Aurora A (green) and DNA (blue) with a DeltaVision Elite microscope (60 ×). As controls, cells were treated with the Plk1 inhibitor BI2536, vinblastine (Vinb, 10 nM), or vehicle control (DMSO). MNL8237 inhibited localization of Aurora A at the spindle poles, which was not affected by TH or BI2536. Representative images are shown. Scale bar = 10 µm. (B) Immunofluorescence microscopy coupled with automated image analysis was used to quantify PHH3-positive LNCaP cells after the indicated treatment conditions (left panel, n = 2, mean ± SD). Combination of TH and MNL8237 or vinblastine (Vinb) and MNL8237 generated the same phenotypes as MNL8237 treatment alone, including a loss of PHH3 expression. Representative images are shown (left panel), DNA (blue), α-tubulin (green), and PHH3 (pink). Mitotic cells are indicated by an arrow (strong nuclear condensed chromatin and a round cell morphology). Scale bar = 20 µm.

Treatment of LNCaP cells with the Plk1 inhibitor BI2536 induced the formation of monopolar spindles[@cit0036] often with dispersed chromosomes at the cell periphery ([Fig. 8A](#f0008){ref-type="fig"}). As described in [Figure 5](#f0005){ref-type="fig"}, TH treatment resulted in cells with monopolar and multipolar spindles and well congressed chromosomes. The combination of TH or vinblastine with BI2536 produced largely cells with monopolar spindles and dispersed chromosomes ([Fig. 8A](#f0008){ref-type="fig"}). Time-lapse microscopy of HeLa cells expressing H2B-GFP showed that cells treated with both compounds significantly delayed mitosis (TH: 523.2 ± 218.1 min and BI2536: 456.3 ± 181.3 min, [Fig. 8B](#f0008){ref-type="fig"}). Finally, quantitative assessment of the HeLa H2B-GFP cell fate after single or combination treatment indicated that BI2536 alone or together with TH caused 100% cell death of HeLa H2B-GFP cells, whereas TH predominantly resulted in asymmetric cell division and only 24.8% cell death ([Fig. 8B](#f0008){ref-type="fig"}). Figure 8.The Plk1 inhibitor BI2536 and TH generate different phenotypes. (A) LNCaP cells treated with 2 mitotic inhibitors, TH or BI2536 (Plk1 inhibitor), for 24 h were subjected to immunofluorescence microscopy of α-tubulin (green) and PHH3 (red) with a DeltaVision Elite microscope (60 ×, upper panel, scale bar = 10 µm) or an INCell 2200 (20 ×, lower panel, scale bar = 20 µm). As controls, cells were treated with vinblastine (Vinb, 10 nM) or vehicle control (DMSO). BI2536 inhibited spindle pole organization and predominantly generated cells with monopolar spindles and peripheral chromosome configurations, while TH generated heterogeneous spindle pole abnormalities (monopolar, bipolar and multipolar) with visibly congressed chromosomes. Cells treated with a combination of TH and BI2536 exhibited the BI2536-like phenotype. Representative images are shown, scale bar = 20 µm. (B) Quantification of time-lapse microscopy showed that TH and BI2536 increased the time HeLa-H2B-GFP cells spend in mitosis (left panel). The cell fate after 24 h (bipolar division, asymmetric division or cell death) was quantitatively assessed and showed that BI2536 alone or in combination with TH exclusively induced cell death, while TH as single treatment caused asymmetric divisions and cell death (right panel, ∼100 cells/treatment, n = 2, mean ± SD). One-way ANOVA with Turkey\'s multiple comparisons test was used (ns = non-significant, \*\* *P* \< 0.01, \*\*\*\* *P* \< 0.0001). See Video 3 for more details.

Taken together, the different morphological phenotypes induced by MNL8237 and BI2536 strongly suggests that TH does not target Aurora A or Plk1 and that the activity of TH\'s target is critical in mitosis after that of both kinases.

Tubulin mutations, MT alterations and overexpression of P-gp do not confer resistance to TH {#s0002-0007}
-------------------------------------------------------------------------------------------

Despite the success of MT inhibitors in the clinic, patients develop resistance to treatments.[@cit0031] Next, we tested if TH is affected by known resistance mechanisms that reduce cytotoxicity of *vinca* alkaloids and 2-methoxyestradiol (2ME2). The human T-cell acute lymphoblastic leukemia cell lines CEM/2ME2--14.4R and CEM/2ME2--28.8R cells have acquired βI-tubulin mutations in the colchicine binding pocket,[@cit0041] making them resistant to 2ME2, as shown by the resistance factors (RF) of 17.9 and 29.2, respectively, when compared with the parental CEM line ([Table 2](#t0002){ref-type="table"} and [Figure 9A](#f0009){ref-type="fig"}). The vincristine-resistant CEM/VCR-R cells (RF = 12,400, [Table 2](#t0002){ref-type="table"} and [Fig. 9A](#f0009){ref-type="fig"}) have acquired multiple MT alterations (e.g., mutations in βI-tubulin, altered expression of β-tubulin isotypes)[@cit0042] and overexpression of P-glycoprotein (P-gp), thereby rendering cells multidrug-resistant to non-MT-targeting inhibitors such as doxorubicin,[@cit0043] daunorubicin, actinomycin D,[@cit0044] and tetracycline.[@cit0045] As shown in [Table 2](#t0002){ref-type="table"} and [Figure 9A](#f0009){ref-type="fig"}, the cytotoxic potency of TH remained largely unaffected in all 3 resistant cell lines when compared with parental cells (RF: CEM/2ME2--14.4R = 2.2, CEM/2ME2--28.8R = 1.7, CEM/VCR-R = 7.7). Consistent with a 7.7-fold decrease in cytotoxicity, a 6 to 12-fold higher dose of TH (5--10 µM versus 60 µM) was required to induce similar levels (∼40%) of caspase 3/7 activity (apoptosis) in VCR-R cells ([Fig. 9B](#f0009){ref-type="fig"}). For comparison, a 2000-fold higher dose of vincristine was required in VCR-R cells when compared with parental cells ([Fig. 9B](#f0009){ref-type="fig"}). To study the implication of the P-gp in the observed resistance of CEM/VCR-R cells to TH, the multidrug efflux pump was inhibited with verapamil.[@cit0046] VCR-R cells were almost completely re-sensitized to doxorubicin (RF = 2.0) and TH (RF = 2.3) when co-treated with verapamil, indicating that the observed modest resistance to TH (RF = 7.7) was P-gp mediated and that TH was potentially a weak substrate of P-gp ([Table 2](#t0002){ref-type="table"} and [Fig. 9A](#f0009){ref-type="fig"}). Table 2.Cytotoxicities of TH remains largely unaffected in cell lines with resistance to microtubule inhibitors and express multidrug resistance. CEMCEM/2ME2--14.4RCEM/2ME2--28.8-RCompoundIC~50~ (µM)IC~50~ (µM)RFIC~50~ (µM)RFTH2.1 ± 0.74.7 ± 1.02.23.5 ± 0.71.72ME20.8 ± 0.214.3 ± 0.517.923.4 ± 13.429.2 CEMCEM/VCR-R   IC~50~ (µM)IC~50~ (µM)RF  TH2.1 ± 0.716.2 ± 3.47.7  Vinc0.0005 ± 0.06.2 ± 1.412,400  Dox0.1 ± 0.02.5 ± 0.225.0  Verap\>10,000\>10,000-  Vinc + verap0.001 ± 0.00.08 ± 0.0480.0  TH + verap1.8 ± .24.1 ± 0.12.3  Dox + verap0.1 ± 0.10.2 ± 0.12.0  [^3] Figure 9.TH is insensitive to resistance mechanisms induced by MT inhibitors (*vinca* alkaloids and 2ME2). (A) Parental cells CEM (CEM), 2-methoxyestradiol (2ME2) resistant cell lines CEM/2ME2--14.4R (14--4) and CEM/2ME2--28.8R (28--8), and the vincristine (Vinc) resistant cell line CEM/VCR-R (VCR-R) were treated with 2ME2, Vinc, or TH for 72 h and cell viability was measured using a metabolic assay (alamarBlue, n = 3). Results were expressed as resistance factor (RF), which was calculated from the quotient of IC~50~ (drug-resistant cell line) and IC~50~ (parental CEM cells). TH activity remained largely unaffected in all 3 resistant cell lines when compared with CEM parental cells. The involvement of the P-glycoprotein (P-gp) in resistance observed in the CEM/VCR-R (VCR-R) cell line, was assessed by co-treatment with the P-gp inhibitor verapamil (verap). As control, cells were treated with the P-gp substrate doxorubicin (Dox). Co-treatment with verapamil almost completely re-sensitized CEM/VCR-R cells to TH and doxorubicin, suggesting that TH activity is not affected by mutation in the *vinca* alkaloid pocket on tubulin. (B) Live assessment by microscopy and quantitative image analysis of caspase-3/7 activity in TH- and vincristine-treated CEM and CEM/VCR-R (VCR-R) cells after 24 h of treatment (n = 3, mean ± SD). Similar doses of TH were necessary to induce apoptosis in both cell lines, while 2,000-fold higher dose of vincristine was required in VCR-R cells when compared with CEM cells.

Taken together, resistance mechanisms induced by chronic treatment with *vinca* alkaloids[@cit0042] or 2ME2[@cit0041] did not confer cross resistance to TH, highlighting the potential of TH as second line treatment.

Discussion {#s0003}
==========

In this work we investigated the mechanism of action of TH, a natural product isolated from the Australian endemic plant *Hernandia albiflora*. We provided evidence that this small molecule inhibitor is a novel anti-mitotic agent in prostate and cervical cancer cells and that TH evades clinically relevant resistance mechanisms, which render MT inhibitors and other chemotherapeutic drugs inefficient. This is the first report of a detailed mechanism of action study for TH.

In a similar fashion as MT-targeting agents (stabilizers and destabilizers), TH anti-proliferative action at low concentration was mainly due to a mitotic block at the metaphase-anaphase transition.[@cit0031] Cells exhibited aberrant mitotic spindles, inhibition of chromosome congression induced by suppression of MT dynamics, and ultimately cell death. We also observed that a large proportion of cells underwent asymmetric divisions into 3 or 4 daughter cells, which was TH dose-dependent. Ganem *et al.* tracked different types of cancer cells (including HeLa cells) using long-term live cell imaging and reported that approximately 3% of HeLa cells went through multipolar divisions and that the resulting mono- and poly-nucleated progenies had several different fates.[@cit0047] Most cells would die during mitosis or in an interphase-like state. In rare cases, some cells completed a second round of division, generating mostly unviable daughter cells. Aneja *et al.* also described an "apoptosis-reluctant population" that underwent aberrant cytokinesis.[@cit0048] Some cells died in mitosis while others died after abnormal exit from mitosis. MT-targeting drugs are well-known to induce mitotic slippage, arrest in G~1~ phase and apoptosis.[@cit0049] We hypothesize that TH\'s cytotoxicity is mediated through 2 mechanisms: a short-term effect, by killing cells directly in mitosis and a long-term effect by inducing genetic instability (aneuploidy), ultimately leading to cell death.

Depending on their effect on MTs at high, micromolar concentrations, MT-targeting agents are categorized into MT-stabilizing compounds (e.g., taxanes) and MT-destabilizing compounds (e.g., *vinca* alkaloids). We observed that TH inhibited MT dynamics in LNCaP and HeLa cells and, like vinblastine, reduced tubulin polymer mass and destabilized the cellular MT network in LNCaP cells. However, in a cell-free assay, TH did not affect tubulin polymerization, raising the possibility that TH does not directly interact with tubulin. The MT7 compound has a planar structure (like TH) and was shown to induce similar phenotypes: aberrant mitotic spindle organization, disruption of cellular MT networks without directly affecting tubulin polymerization in a cell-free assay.[@cit0050] Zhang and coworkers proposed that weak activity (low micromolar IC~50~ in a panel of cancer cells) or low binding affinity for tubulin prevented a full elucidation of the mechanism of action of this compound.[@cit0050] They designed a series of analogs and reported a compound with a 10-fold increase in activity that was shown to bind to the colchicine binding site and inhibit MT polymerization in a cell-free assay.[@cit0051] Ohira *et al.* described 2 analogs based on a different scaffold (NP-10 and NP-14) that arrested cells in mitosis with abnormal mitotic spindles, yet, only the most potent compound, NP-14, inhibited tubulin polymerization in a cell-free assay.[@cit0052] The authors observed some differences in the number of centrosomes in cells treated with the 2 analogs, however, the molecular target(s) of NP-10 remains unknown.[@cit0052]

We addressed the possibility that Aurora A or Plk1 are molecular targets of TH. Plk1 plays a major role in mitosis progression, with a broad range of functions.[@cit0053] However, the effect of TH (multipolar spindles with congressed chromosomes, asymmetric divisions) was phenotypically different to that of Plk1 inhibitor BI2536 and Aurora A/B inhibitor MNL8237. Combination of the Plk1 inhibitor BI2536 and TH prevented the establishment of the TH phenotype, suggesting that the activity targeted by TH is critical at a later stage of mitosis than Plk1. In a similar manner, combination of TH and the Aurora A/B inhibitor MNL8237 prevented the manifestation of the TH phenotype and suggests that TH\'s mitotic target is downstream of Aurora A and B. It is important to note that BI2536 and MNL2536 also prevented the establishment of the vinblastine phenotype in combination treatments.

These results in combination with the disruption of the cellular mitotic network advocate that MT function is the major target of TH action. Cell-free assays as shown for tubulin polymerization are simplified systems with purified components that lack the complexity found in cells, like the absence of MT associated proteins (MAPs) integrating MT function with MT-dependent cellular processes. Indeed, multiple factors can affect polymerization of MTs in cells, like MAPs,[@cit0054] stathmin family proteins,[@cit0055] and tubulin modifications, like the deacetylation of α-tubulin by HDAC6,[@cit0056] or phosphorylation of β-tubulin by Cdk1.[@cit0057] Furthermore, Wignall *et al.* reported a screening of 1561 compounds (purine derivatives) on *Xenopus* Egg Extract and showed that 15 molecules destabilized MTs without direct binding to tubulin (using quantitative pelleting assay).[@cit0058] It is therefore possible that TH indirectly inhibits cellular MT polymerization and dynamics through binding to MAPs or transient tubulin modifications and that such complexity is unlikely present in a cell-free assay system with purified components.

In summary, TH is a novel mitotic inhibitor that destabilizes cellular tubulin polymers and suppresses MT spindle dynamics, resulting in mitotic cell cycle arrest and induction of apoptotic cell death. Understanding clinical relevant resistance mechanisms is a key element in the development of novel, more potent MT-targeted compounds. Importantly, our discovery that TH remains largely unaffected by tubulin alterations or overexpression of P-gp that generate resistance to *vinca* alkaloids, 2-ME2 and multidrug resistance to non-MT chemotherapeutic drugs (e.g., doxorubicin,[@cit0043] daunorubicin, actinomycin D,[@cit0044] and tetracycline),[@cit0045] provides a strong rationale to further develop TH as potential therapeutic against tumors that display these resistance mechanisms. The relative simple chemical structure and relative ease of total chemical synthesis of TH are another favorable characteristic of this small molecule inhibitor.[@cit0059] Therefore, further studies with more potent semi-synthetic analogs are warranted to provide more insights into TH\'s target(s), offering a promising starting point for the development of new anti-mitotic therapeutics.

Material and methods {#s0004}
====================

Isolation of TH {#s0004-0001}
---------------

Thalicthuberine (TH) was isolated from the Australian endemic plant *Hernandia albiflora* (twigs) using reversed phase HPLC. *Hernandia albiflora* was part of our pre-fractionated library which was screened for cytotoxic activity toward the LNCaP cell line using a metabolic assay.[@cit0061] TH was isolated in 2 batches, and the first batch (batch A, IC~50~ = 17 µM in LNCaP cells) was less active than the second batch (batch B, IC~50~ = 2 µM in LNCaP cells). Both batches were shown to be \>95% pure by NMR and LCMS and produced similar phenotypes in LNCaP cells (Fig. S3). If not stated otherwise, Batch B was used for the experiments.

Reagents {#s0004-0002}
--------

Vinblastine, verapamil, 2-methoxyestradiol (all Sigma Aldrich), vincristine (Selleckchem), doxorubicin (Selleckchem), paclitaxel (Cytoskeleton), were resuspended in DMSO (Sigma Aldrich) and stock solutions were stored at −20°C.

Cell lines {#s0004-0003}
----------

LNCaP (lymph node metastasis), C4--2B (LNCaP-derivative) and PC-3 (metastatic prostate cancer) cells were obtained from the American Type Culture Collection (ATCC). BPH-1 (human benign prostatic hyperplasia) and WPMY-1 (human prostatic stromal myofibroblast) cells were kind gifts from J. Clements (Queensland University of Technology, Australia). All cells were cultured in phenol-red free RPMI-1640 medium supplemented with 5% FBS (Thermo Fisher Scientific). DuCaP (metastatic prostate cancer) cells were a generous gift from M. Ness (VTT Technical Research Center of Finland), and cultured in in phenol-red free RPMI-1640 medium supplemented with 10% FBS (Thermo Fisher Scientific). Cells were genotyped at the DNA Diagnostic Center (Cincinnati, USA). HeLa-H2B-GFP (cervical cancer, pBOS-H2BGFP, BD Biosciences) and HeLa-EB1-GFP (EB1-GFP (JB131), Addgene) were made by Professor Gabrielli (University of Queensland, Australia), and were cultured in DMEM medium supplemented with 10% FBS (Thermo Fisher Scientific). Human T-cell acute lymphoblastic leukemia (T-ALL) cell lines CCRF-CEM (CEM) and its drug-resistant sublines CEM/VCR-R,[@cit0042] CEM/2ME2--14.4R and CEM/2ME2--28.8R[@cit0041] were supplied by Professor Kavallaris (Children\'s Cancer Institute, University of New South Wales). Cells were cultures in RPMI-1640 medium supplemented with 5% FBS. All cell lines were kept at 37°C in an atmosphere containing 5% CO~2~, maintained in log phase growth and were routinely screened for mycoplasma.

Assessment of cell viability and proliferation {#s0004-0004}
----------------------------------------------

LNCaP (4,000 cells/well), C4--2B (3,000 cells/well), PC-3 (3,000 cells/well), HeLa (2,000 cells/well), DuCaP (15,000 cells/well), BPH-1 (3,000 cells/well), and WPMY-1 (2,000 cells/well) cells were seeded in 96-well plates for 24 h. Cell viability as a function of metabolic activity was measured by alamarBlue end point assay (Thermo Fisher Scientific <https://www.thermofisher.com/order/catalog/product/DAL1025>) after 72 h of treatment following supplier\'s instructions. The non-adherent T-ALL cell lines were seeded in 96-well plates (20,000 cells/well) and treated at the same time with the indicated compounds for 72 h. Cell proliferation as a function of cell confluence was evaluated using live-cell imaging (IncuCyte, Essen BioScience) as described before.[@cit0061]

Cell cycle analysis by flow cytometry {#s0004-0005}
-------------------------------------

LNCaP cells were plated in 6-well plates (150,000 cells/well) for 24 h and treated with the indicated compounds for 24 h. Cell cycle experiments were conducted as described previously,[@cit0062] using 10 µg/ml propidium iodide (Sigma Aldrich <http://www.sigmaaldrich.com/catalog/product/sial/p4864?lang=enandregion=AU>) to stain DNA. Briefly, samples were analyzed on a FACSCanto (BD Biosciences), where 20,000 events were counted after exclusion of cell doublets and polyploid cell populations. DNA histograms were analyzed using ModFit LT software (Verity Software House).

Microarray gene expression profiling {#s0004-0006}
------------------------------------

LNCaP were seeded for 24 h in a 6-well plate (150,000 cells/well) and treated with batch A of TH (1 × IC~50~) or vinblastine (1 × IC~50~) for 24 h before RNA extraction and processing as described previously (<https://www.qiagen.com/fi/shop/rnai/RNeasy-Mini-Kit#orderinginformation>).[@cit0063] For gene expression profiling, 3--4 repeats of each treatment were analyzed on a custom 180k Agilent oligo microarray (ID032034, GPL16604). Raw data were processed using the Agilent Feature Extraction Software (v10.7) and the LIMMA package[@cit0065] in R as described before.[@cit0064] Differential expression between treatment and vehicle control (DMSO) was classified based on an FDR-adjusted *P* value of ≤ 0.1 and an average fold-change of ≥ 1.4. Expression data have been submitted to Gene Expression Omnibus (GEO) with the accession number GSE83459. Lists of differentially expressed genes were examined using Ingenuity Pathway Analysis (IPA, Ingenuity Systems Inc.) and GOrilla (Gene Ontology enRIchment anaLysis and visuaLizAtion tool)[@cit0066] for functional annotation and network analysis.

Quantitative real time polymerase chain reaction (qRT-PCR) {#s0004-0007}
----------------------------------------------------------

RNA samples were generated as described above and processed as reported previously.[@cit0062] qRT-PCR was performed with SYBR Green PCR Master Mix (Thermo Fisher Scientific <https://www.thermofisher.com/order/catalog/product/4309155>) using a 7900HT Fast Real-Time PCR System (Applied Biosystems). Changes in mRNA expression levels were calculated based on the ΔΔCt method, normalized relative to RPL32 expression and expressed as fold-change relative to control (DMSO). Primer sequences (Fwd: forward sequence, Rev: reverse sequence): RPL32 (Fwd: 5′-GCACCAGTCAGACCGATATG-3′, Rev: 5′-ACTGGGCAGCATGTGCTTTG-3′), CCNB1 (Fwd: 5′-AGAGCCATCCTAATTGACTG-3′, Rev: 5′-CAACCAGCTGCAGCATCTTC-3′), CDC25B (Fwd: 5′-AGCGAAACCCCAAAGAGTCAGGT-3′, Rev: 5′-AGCAGCCTCACCGGCATAGACT-3′), PLK1 (Fwd: 5′-TGCCCTACCTACGGACCTGG-3′, Rev: 5′-AAGTTGATCTGCACGCTGCC-3′), HMMR (Fwd: 5′-CTACCTTGCCTGCTTCAGCT-3′, Rev: 5′-AGCTGAAGCAGGCAAGGTAG-3′).

Immunofluorescence microscopy {#s0004-0008}
-----------------------------

LNCaP cells were seeded (5,000 cells/well) for 24 h in poly-L-ornithine (Sigma-Aldrich <http://www.sigmaaldrich.com/catalog/product/sigma/p4957?lang=enandregion=AU>) coated optical 96-well plates (ibidi).[@cit0067] After the indicated times and concentrations of treatment, cells were fixed with ice-cold methanol for 3 min, incubated in blocking buffer \[2% bovine serum albumin (Sigma Aldrich <http://www.sigmaaldrich.com/catalog/product/sigma/a9418?lang=enandregion=AU>) in TBS with 0.1% Triton X-100\] for 30 min at room temperature before immunostaining for 1 h at room temperature with primary antibodies. Primary antibodies against phosphor-Ser10 histone H3 (ab5176, Abcam, 1:1,000 <http://www.abcam.com/histone-h3-phospho-s10-antibody-chip-grade-ab5176.html>) and α-tubulin (DM1A, ab7291, Abcam, 1:500 [http://www.abcam.com/α-tubulin-antibody-dm1a-loading-control-ab7291.html](http://www.abcam.com/α-tubulin-antibody-dm1a-loading-control-ab7291.html)), and gamma H2AX (phospho S139, kind gift of Associate Professor Derek Richard, Queensland University of Technology, Australia) were used. DNA was counterstained with 1 µg/mL DAPI (4′,6-diamidino-2-phenylindole, Sigma Aldrich <http://www.sigmaaldrich.com/catalog/product/roche/10236276001?lang=enandregion=AU>). Cells were imaged using a Cytell or INCell 2200 automated imaging systems (GE Healthcare) and analyzed using the CellProfiler software (Broad Institute, Cambridge, USA)[@cit0068] as described before (∼4,500 cells/treatment).[@cit0023] Analysis of spindle organization (∼400 cells/treatment) and the distance between spindle poles (∼120 cells/treatment) were performed using the Fiji software.[@cit0069]

Washout experiments {#s0004-0009}
-------------------

LNCaP cells were seeded as described above in poly-L-ornithine coated plates. Cells were treated with the indicated concentration of compounds for 8 h, 24 h or 72 h. For washout experiments, media was carefully removed after 8 h or 24 h of treatment as indicated and cells were left to recover in fresh media until completion of the experiment.

Assessment of apoptosis {#s0004-0010}
-----------------------

The CellEvent Caspase-3/7 reagent (Thermo Fisher Scientific <https://www.thermofisher.com/order/catalog/product/R37111>) was used to quantitatively evaluate apoptosis in LNCaP, CEM and CEM/VCR-R cells. LNCaP (5,000 cells/well), CEM and CEM/VCR-R were seeded (10,000 cells/well) for 24 h in optical 96-well plate (ibidi) pre-coated with 100 µL of poly-L-ornithine. Apoptosis was assessed after indicated time of treatment using CellEvent Caspase-3/7 reagent following the manufacturer\'s instructions. Images were acquired on an INCell 2200 imaging system (GE Healthcare) at 20 × and 40 × magnifications. Image analysis of 3,000 cells/treatment was performed using CellProfiler software. To quantify apoptotic cells, all nuclei (based on DAPI staining) were scored for caspase 3/7-positive and -negative staining.

Time-lapse microscopy {#s0004-0011}
---------------------

HeLa-H2B-GFP cells were seeded (2,000 cells/well) for 48 h in optical 96-well plates (ibidi) and treated with the indicated compounds. Images were acquired every 5 min for 24 h on an Olympus IX81 live-cell microscope using a 10 × objective at 37°C, 5% CO~2~, and quantified (time in mitosis and cell fate of ∼120 cells/treatment) using Fiji software.

*In vitro* tubulin polymerization assay {#s0004-0012}
---------------------------------------

MT assembly was studied using the CytoDYNAMIX Screen kit (BK006P; Cytoskeleton Inc. <http://www.cytoskeleton.com/bk006p>) according to the manufacturer\'s instructions. Briefly, purified porcine tubulin proteins (\> 99% purity) were dissolved in G-PEM buffer containing 80 mM PIPES, 2 mM MgCl~2~, 0.5mM EGTA, 1 mM GTP (pH 6.9) and 19% glycerol at 4°C. The mixture and indicated compounds were transferred into a pre-warmed 96-well plate, and polymerization was monitored using a FLUOstar Omega plate reader at 340 nm every 1 min for 30 min at 37°C.

Spinning disk microscopy {#s0004-0013}
------------------------

HeLa-EB1-GFP cells were seeded (20,000 cells/well) for 48 h in a 35 mm 4-chambers glass bottom dish (Cellvis). After treatment with the specified compounds for 2 h, images were acquired on a Nikon Ti-E Motorized Inverted microscope. Images (60 ×) were taken every second up to 2 min, and EB1 comets were tracked and analyzed using Imaris software (8.2 version).

DNA interaction studies (melting curve analysis) {#s0004-0014}
------------------------------------------------

DNA binding/intercalation assay was performed as described by Liberio *et al.*[@cit0064] Briefly, increasing concentration of TH (0.5--1000 µM) were incubated in triplicated with SYBR Green PCR Master Mix (Life Technologies) containing a 151 bp PCR product of the RPL32 gene. DMSO (final concentration of 0.02--1.8%) and DAPI (0.12--1 μM) were used as negative and positive controls, respectively. Melting curves were generated with an Abi 7900HT qRT-PCR machine (Applied Biosystems) and thermal profiles were analyzed with SDS 2.4 software (Applied Biosystems).

Statistical analysis {#s0004-0015}
--------------------

All experiments were performed in technical duplicates or triplicates and repeated at least twice by independent experiments and reported as the mean ± standard deviation of the biologic replicates. For all experiments, one-way ANOVA with Dunnett\'s multiple comparisons test was used (ns = non-significant, \* *P* \<0.05, \*\* *P* \<0.01, \*\*\* *P* \<0.001, \*\*\*\* *P* \<0.0001) unless stated otherwise. Half-maximal inhibitory concentration (IC~50~) and statistical significance were analyzed using the GraphPad Prism 6 software (GraphPad Software, Inc.).
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[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](http://www.tandfonline.com/kccy).

[^2]: Cytotoxicity (IC~50~) of TH was measured after 72 h of treatment (alamarBlue) in the indicated cell lines (n = 3, mean ± SD). Vinblastine was used as positive control.

[^3]: Cytotoxicity (IC~50~) of TH, vincristine (Vinc), 2-methoxyestradiol (2ME2), doxorubicin (Dox), and verapamil (verap) was measured (72 h, alamarBlue) in indicated cell lines (n = 3, mean ± SD). The resistance factor (RF) expresses the quotient IC~50~ (drug-resistant cell line)/IC~50~ (parental CEM cell line).
